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Abstract. In recent years, improving the surface of titanium implants is increas-
ingly being studied, in order to reduce their rejection rate. Thus, there are several
methods by which the properties of the base material, in this case, the titanium
alloy, can be improved, such as anodizing, micro-arc oxidation, plasma spraying,
physical vapour deposition, biomimetic deposition, chemical conversion deposi-
tion etc.Regarding the deposition process by chemical conversion, the phosphating
process presents a multitude of advantages, including good adhesion to the sub-
strate and the capacity of improving cellular adhesion due to the porosity of the
layer. Therefore, the paper aims to study the tribological characteristics by eval-
uating the adhesion and coefficient of friction of three types of phosphate layers
deposited on the surface of the titanium alloy, Ti6Al4V, using a UMTR 2M-CTR
Micro-tribometer and SEM. The results of the scratch tests revealed that the phos-
phate layers have good adhesion at the substrate and the values of the coefficient
of friction were increased due to the roughness of the surface.
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1 Introduction

Researchers’ interest in bioengineering has expanded as a result of the accelerated expan-
sion in demand for orthopaedic implants. Metallic materials, such as titanium alloys,
stainless steel, and Co-Cr alloys, have long been employed in medical applications.
Among these, titanium and its alloys, particularly Ti6Al4V, are the most often utilized
biomaterials for the production of orthopaedic implants. The latter offers a variety of
benefits, including good biocompatibility, low density, adequate corrosion and wear
resistance, etc. The biggest drawback of Ti6Al4V titanium alloy, according to Pesode
and Barve [1], is that it cannot interact with human bone because of its bio-inert surface,
which can result in implant failure. Multiple studies [2–4] mentioned the likelihood of
aluminium or vanadium being absorbed by the human body. This will have negative
effects on the human body [5].

To find a solution to these identified problems, several researchers have tried to
modify the surface characteristics of titanium and its alloys by depositing layers on the
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metal surface [6–9]. Thus, one of the most studied types of coatings is the deposition of
hydroxyapatite, by different processes such as electrochemical deposition [10], physical
vapor deposition (PVD), sol-gel method [11] etc. Regarding the tribological character-
istics, it was observed that the deposited layer has good resistance to the pressure of
the blade, but its adhesion to the substrate is lower compared to those deposited by the
chemical conversion process [5, 12].

Sovak [13] studied the osseointegration ofTi6Al4Vafter its coatingwithTiNcoating,
observing as a disadvantage a low adhesion of the layer to the substrate. Also, Qin [14]
analyzed the improvements in the antibacterial andwear characteristics of Ti6Al4V after
the deposition of a composite layer on the metal surface. The authors observed that the
coefficient of friction decreased significantly and the antibacterial and cytocompatibility
are good.

Recently, much attention has been paid to coatings on biometals surfaces deposited
by a chemical conversion process called phosphating [15, 16]. The advantages of this
method are highlighted in many studies, the most significant being: the promotion of
osseointegration, the low cost of the deposition process, the enhancement of corrosion
and wear resistance etc. [17, 18]. In addition, the deposited layers show high adhesion
to the substrate due to the chemical conversion reactions between the metal and the
phosphating solution [19].

Regarding the deposition of phosphate layers on titanium or its alloys, three types
of coatings based on zinc, strontium, zinc-strontium, and zinc-calcium are known [17,
20, 21], depending on the nature of the metal ion in the phosphating solution. So, one
of the novelties of this work is the use of three types of phosphate solutions. Two are
completely original, based on zinc-magnesium and zinc-zirconium. The third one is
based on zinc-calcium but with different activators and inhibitors. Over time, it has been
observed that the bonding strength between the base material and the phosphate layer
is influenced by the surface roughness, the activation process, the morphology of the
coating, etc. [16].

Solanke [22] tested from the point of view of wear resistance several metal bioma-
terials, including Ti6Al4V, thus concluding that of all those tested, the titanium alloy is
one of the most suitable for medical implants, however, considering that it is essential
to use a surface coating. Even if the mechanical properties of the Ti6Al4V alloy have
been analyzed, it is also necessary to analyze the tribological characteristics of the layers
formed on its surface. Thus, this work studies the possibility of promoting cell adhesion
and enhancing the surface properties of the titanium alloy. This is done by depositing
new phosphate layers deposited by the chemical conversion process (phosphating). In
this case, adhesion, coefficient of friction and surface scratch behaviour are studied for
three different phosphate layers based on Mg-Zn, Zr-Zn, and Ca-Zn and also for the
Ti6Al4V uncoated sample.
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2 Materials and Methods

2.1 Material

The material used as the substrate for the deposition is Ti6Al4V, which was purchased
from AEMMetal (Hunan, China). Its chemical composition according to the supplier is
shown in Table 1.

Table 1. The chemical composition of Ti6Al4V.

Element Titanium Aluminium Vanadium Iron Oxygen Carbon

wt,% balance 6.14 4.22 0.12 0.11 0.03

2.2 Phosphating Process

Before the phosphating process, the bars were cut into 10x10x55 mm square samples.
After this, the samples were sanded up to 1200 grit to obtain a homogeneous surface.

The steps involved in the phosphating process are shown in Fig. 1. The process
starts with the degreasing of the samples by washing them, for 10 min, in an ultrasonic
cleaner, by immersing them subsequently in three different media: technical acetone,
ethanol, and distilled water. The second stage of the process is the removal of oxides
and the activation of the surface. This is done by immersing for 15 s in a 2% HF
solution and for 30 s in a titanium colloidal solution, at room temperature. During the
third stage, the layer is obtained by immersing the samples in the phosphating solution
for 60 min at 90 °C. In this paper, three different phosphating solutions based on zinc-
magnesium, zinc-zirconium, and zinc-calciumwere used. The phosphating solutions are
a mixture of nitric acid, orthophosphoric acid, iron powder, sodium tripolyphosphate,

Fig. 1. The flow of the phosphating process and the types of samples obtained.
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sodium hydroxide, sodium nitrite, sodium fluoride, zinc, and, depending on the type of
solution, magnesium carbonate, zirconium oxide, or calcium nitride.

In order to be easier to understand, was used the following abbreviations:

Ti64 − for Ti6Al4V uncoated;
Mg-Zn − for the samples coated with a magnesium-zinc phosphate layer;
Zr-Zn − for the samples coated with a zirconium-zinc phosphate layer;
Ca-Zn − for the samples coated with a calcium-zinc phosphate layer.

2.3 Characterization Methods

A scanning electron microscope (Vega Tescan LMH II), equipped with Energy-
dispersive X-ray spectroscopy (EDX) analysis equipment was used to examine the
morphology and scratch traces of the samples.

Scratch tests were performed using aUMTR2M-CTRMicro-tribometer. The scratch
test settings are as follows: the distance covered by the blade is 10 mm, the blade speed
is 167 μm/second, and the normal force grows with time from 0 to 10N. Using this
test, the layer was gradually removed from the Ti6Al4V surface. This test examines the
parameters described further: Fx, which is the response force value, Fz, which is the
normal load force, Ff which is the friction force, COF, which is the coefficient of friction
and AE which is acoustic emission.

3 Results and Discussions

The Ti6Al4V uncoated sample. The Ti64 sample presents an approximately constant
value with small variations of the coefficient of friction due to its homogeneous surface,
as can be observed in Fig. 2.

Fig. 2. Time variation of Fx, Fz, Ff and COF during the scratch test for the Ti64 sample.

In this case the average value of the coefficient of friction was close to 0.26 value,
with a standard deviation (std) of 0.03. Between 40–45 s can be observed that it is a
significant increase in the values of COF close to the 3 N, followed by a decrease of
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the Fx value. This can be explained by the material that was blocked in the front of the
blade. Also, the average value of Ff is close to 2.21, with a std of 0.09. Furthermore, as
can be seen from Fig. 3, the acoustic emission is decreasing after the COF has stabilized,
its average value being close to 0.07 with a std of 0.003. These values are influenced by
the mechanical preparation of the surface, this one being grinding at 800 grids.

Fig. 3. Time variation of AE during the scratch test for the Ti64 sample.

The microstructural analysis of the scratch and the trace profile are presented in
Figs. 4a and 4c. Also, in Fig. 4b and the 3D profile (Fig. 4d) can be observed close to
the end of the scratch, the material parts stuck.

TheMg-Zn sample.After deposition of the magnesium-zinc phosphate layer on the
Ti6Al4V alloy surface, the average value of the coefficient of friction almost doubles to
0.48, with a std of 0.09. Close to 25 s, the slope of the COF and Ff is changing, probably
due to the cracking of the phosphate crystals (Fig. 5), close to a load value of 3 N. The
fluctuation of the COF values is related to the roughness of the phosphate layer, which
has a value of 2.21 μm. The AE presented in Fig. 6 shows a constant profile, with small
variations which are probably appearing due to the crystal’s cracks. The AE average
value is 0.002 with a std of 0.002.

The SEM analysis of the Mg-Zn phosphate layer deposited on the Ti6Al4V surface
shows crystals specific to the phosphate layer based on Zn, whichwere partially removed
from the titanium alloy surface, close to the final part of the scratch (Fig. 7a). This aspect
can be observed, also, in Fig. 7b, where can be seen parts of the crystals on the scratch
track. The roughness of the surface is visible in Figs. 7c and 7d. The elemental mapping
shows the end of the scratch track. As can be seen from Fig. 8, due to the fact that
the layer was obtained by a chemical conversion process, the presence of the principal
elements of the layer (Zn, Mg, Fe, P and O) can be observed, but in small quantities
compared with the edges. Also, at this moment, a big part of the layer was removed and
the quantity of Ti in that zone was increased.

The Zr-Zn sample. The scratching behaviour of the Zr-Zn sample is different from
that of the Mg-Zn solution phosphate sample (Fig. 9). Thus, a sudden increase in the
coefficient of friction can be observed, which corresponds to a load force of 4.7 N, close
to 22 s. The mean value of COF is 0.34, with a std of 0.12, while the mean value of Ff is
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Fig. 4. Ti64 microstructure after scratch test a) SEM morphology of the trace 250x; b) SEM
image of stuck material 1kx; c) scratch profile; d) 3D profile.

Fig. 5. Time variation of Fx, Fz, Ff and COF during the scratch test for the Mg-Zn sample.

2.07 N, with a std of 1.26. Compared to the Mg-Zn phosphate-coated sample, the Zr-Zn
sample has a much lower roughness value, approximately 0.96 μm, thus explaining the
lower values of COF and Ff. The same change close to 22 s can be observed also in
Fig. 10, where the AE curve presents variations after this time, probably due to different
dimensions and positions of crystals which are cracking at contact with the blade. In this
case, the AE average value is 0.003 with a std of 0.003.

The SEM images of the Zr-Zn phosphate layer show crystals specific to compounds
formed on the surface of Ti6Al4V, especially of zinc phosphate tetrahydrate (Fig. 11a). In
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Fig. 6. Time variation of AE during the scratch test for the Mg-Zn sample.

Fig. 7. Mg-Zn sample microstructure after scratch test a) SEM morphology of the trace 100x; b)
SEM morphology with crack crystals 500x; c) scratch profile; d) 3D profile.

this case, compared with the Mg-Zn sample, the phosphate crystals are denser, covering
the entire surface of the sample (Fig. 11b). Also, can be observed that the intercrystalline
zones are smaller compared with the Mg-Zn phosphate layer, which determines a lower
roughness value (Figs. 11c and 11d). Moreover, can be observed that the phosphate
layer was removed from the surface of Ti6Al4V, with only small parts of the crystals
remaining. The EDX analysis determined the elemental mapping of the main elements
of the layer at the end of the scratch (Fig. 12). As can be seen, the presents of Ti in
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Fig. 8. The elemental mapping of the main elements of the Mg-Zn sample after the scratch test.

Fig. 9. Time variation of Fx, Fz, Ff and COF during the scratch test for the Zr-Zn sample.

high quantity indicates that the phosphate layer was partially removed, but taken into
consideration that the phosphate layer was formed by chemical conversion process and
just a small quantity of ZrO2 was used in the phosphating solution, the Zn, Zr, P, O and
Fe can be detected on the track’s blade.

The Ca-Zn sample. The sample on which was deposited a Ca-Zn phosphate layer
shows similar scratching behaviour to the sample coated with an Mg-Zn layer, as can be
seen in Fig. 13. At the same time, the average value of the friction coefficient is 0.47, with
a std of 0.1, very close to the value of the Mg-Zn sample (0.48). This behaviour is also
due to the specific roughness of the layer, amounting to 1.34 μm. As can be observed in
Fig. 13, close to 19 s the crystals started to yield under the pressure of the blade and the
COF becomes almost constant, at a load force of 2.1 N. Also, the AE graphic presents
many peaks which can be attributed to the which can be attributed to the failure of big
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Fig. 10. Time variation of AE during the scratch test for the Zr-Zn sample.

Fig. 11. Zr-Zn sample microstructure after scratch test a) SEM morphology of the trace 100x; b)
SEM morphology with the entire scratch track 25x; c) scratch profile; d) 3D profile.

phosphate crystals at contact with the blade, the average AE value being 0.004 with a
std of 0.002, Fig. 14.

The difference between themorphology of theCa-Zn phosphate layer comparedwith
the Zr-Zn and Mg-Zn layer can be observed in Figs. 15a and 15b. The biggest difference
in structure is between the Zr-Zn and Ca-Zn layers, especially regarding the dimensions
of the crystals, which are smaller for the Zr-Zn sample. The Ca-Zn layer also presents
intercrystallite zones which are similar to the Mg-Zn sample structure. The presence of
these zones and the dimension of crystals explain the value of roughness, which and be
observed also in Figs. 15c and 15d. The elemental mapping of the main elements of the
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Fig. 12. The elemental mapping of themain elements of the Zr-Zn sample at the end of the scratch
track.

Fig. 13. Time variation of Fx, Fz, Ff and COF during the scratch test for the Ca-Zn sample.

Fig. 14. Time variation of AE during the scratch test for the Ca-Zn sample.
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Ca-Zn phosphate layer after the scratch test is presented in Fig. 16. As can be observed,
the phosphate layer was removed partially, but as in other cases (Mg-Zn and Zr-Zn)
some parts of the crystals remain on the surface of Ti6Al4V. Another important aspect
is the big quantity of Ti, which indicates that in the intercrystalline zone, the layer of
phosphate is very thin, being easier for the blade to remove the layer in those areas.

Fig. 15. Ca-Zn sample microstructure after scratch test; SEM morphologies of the trace a) 250x
and b) 100x; c) scratch profile; d) 3D profile.

Fig. 16. The elemental mapping of the main elements of the Ca-Zn sample at the end of the
scratch track.
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4 Conclusions

To promote the surface characteristics of the Ti6Al4V alloy was deposited by chem-
ical conversion process three different phosphate layers based on magnesium-zinc,
zirconium-zinc and calcium-zinc. The tribological properties of the layers obtained and
the uncoated sample were studied using the scratch method. Also, the scratch track
was analyzed by SEM and EDX. After deposition, the roughness value of the surface
obtained was increased considerably. Influenced by the roughness of the surface, the
value of the coefficient of friction has doubled from 0.24 for the uncoated sample to
0.48 and 0.47 for Mg-Zn and Ca-Zn samples. From the coated samples, the one with
the smallest roughness is the Zr-Zn sample, the SEMmicrographs show that the layer is
more compact. Also, the scratch test and EDX analysis revealed that this sample has the
best adhesion to the substrate, even if the layer was not completely removed from the
other samples either. Due to the modification of the surface characteristics by enhancing
the roughness of the layer, can be concluded that the phosphate layer obtained on the
surface of Ti6Al4V can promote cell adhesion.
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